Background: Signals triggered by galectin-9 in human T cells are poorly understood. Results: Impairment of Lck or T cell receptor-CD3 complex inhibits calcium mobilization and cytokine production but not apoptosis induced by galectin-9. Conclusion: Galectin-9 triggers two independent pathways in T cells, with one mimicking the antigen-specific activation. Significance: We discovered a novel mechanism involved in galectin-9 immunomodulatory effects.
Galectins comprise a family of animal proteins defined by theirbindingspecificityfor␤-galactosides,inotherwordsdi-saccharides containing a ␤1-3 or ␤1-4 galactosyl bond. Most often, these di-saccharides are part of complex glycans carried by glycoproteins or glycolipids (1) . The domains of galectins that directly interact with carbohydrate ligands are carbohydrate recognition domains (CRD) 4 (2) . The CRDs are made of about 135 amino acids forming a groove in which the carbohydrate ligand can bind. Galectin-9 (gal-9) belongs to the category of "tandem repeat" galectins containing two CRDs with distinct specificity linked by a flexible peptide chain called the "linker peptide" (three other human tandem repeat galectins are galectin-4, -8, and -12). As a result of alternative splicing, gal-9 exists in three isoforms characterized by the length of the linker peptide as follows: long, medium (also called ⌬5), and short (also called ⌬5/6) (3). In basal physiological conditions, gal-9 is weakly expressed in most tissues (with the greatest abundance in the thymus and kidney). Its expression increases in many cell types, including endothelial and epithelial cells, under the influence of the cytokines of the Th1 immune response, especially interferon ␥ (IFN␥).
Gal-9 is distributed in several cell compartments. A fraction of about 50% is recovered with the soluble elements of the cytoplasm. Another fraction of gal-9 co-purifies with the cellular membrane network. Gal-9 is sometimes detected at the surface of the plasma membrane. Finally, a fraction of gal-9 can be detected in the nucleus (4) . 5 Like other galectins, gal-9 has no signal sequence. However, it can be secreted by unconventional pathways. We have shown that it is often secreted in association with nanovesicles called exosomes (5, 6) . Conversely, Oomizu et al. (7) have recently shown that gal-9 is secreted in a soluble form by CD4 ϩ T cells having surface expression of gal-9 according to a mechanism that remains elusive. Distinct functions have been assigned to intracellular, cell surface, and extracellular gal-9, respectively (3) . Cell surface gal-9 plays a role in contacts with neighboring cells and adhesion with extracellular matrix and can activate signaling cascades (8) . Secreted extracellular gal-9 either soluble or bound to exosomes often behaves like a cytokine. There are consistent and convergent data from murine experimental systems supporting the notion of an overall immunosuppressive action of gal-9 at the systemic level. These immunosuppressive effects have been demonstrated using models of viral infections, autoimmune diseases, and allogeneic grafts (9 -12) .
At the cellular level, the phenotypic changes induced by extracellular gal-9 are quite diverse. For a long time, several authors have opposed the inhibitory effects of gal-9 on T cells to the pro-inflammatory effects on cells of the innate immune system, especially NK cells and monocytes (13) . However, this perspective has been changed because of more recent findings (14) . Using human peripheral blood mononuclear cells (PBMCs), Gooden et al. (14) have shown that gal-9 triggers a wave of apoptosis in T cells, which is followed 2-3 days later by a wave of antigen-independent activation in the fraction of surviving cells. It results in the expansion of CD4 ϩ FoxP3 Ϫ cells, which display mild expression of CD25 as well as IFN␥ and interleukin-2 (IL-2) production (14) . Besides, in the past 4 years, extracellular gal-9 has emerged as a key regulator of adaptive regulatory T cells (T regs) in the human as well as in murine context. gal-9 is a paracrine and/or autocrine factor, which enhances the expansion and the suppressive phenotype of induced regulatory T cells (7, 14 -18) .
Facing the wide range of phenotypic changes induced by gal-9 in various types of target cells, our knowledge of underlying signaling events remains limited. First, there are controversies about the putative receptors of gal-9 at the surface of the plasma membranes. Initially, gal-9 has been identified as the main agonist of the Tim-3 receptor (19) . However, in the past few years, this point has been the subject of controversies (20 -22) . There is strong evidence that gal-9 is an agonist of Tim-3 in some circumstances, but it is obvious that gal-9 has other membrane receptors, for example the enzyme "disulfide isomerase," the CD137, or CD44 molecule (18, (23) (24) (25) . In brief, gal-9 is likely to have several types of membrane receptors and to interact with various combinations of receptors depending on the type of target cells. The intracellular signals generated by these receptors or combinations of receptors remain largely unknown. However, calcium mobilization appears as one of the most consistent signaling events triggered by gal-9 in human and murine T cells (19, 26, 27) . Initially, our aim was to investigate the relationships of calcium mobilization with apoptotic and nonapoptotic events in human T cells stimulated by exogenous gal-9. We observed that in Jurkat cells, calcium mobilization induced by gal-9, but not apoptosis, was dependent on the presence of several elements of the T cell receptor (TCR) complex, including the tyrosine kinase Lck. We then found a critical role of Lck not only in calcium mobilization but also in the induction of the Th1 cytokines IL-2 and IFN␥. Finally, similar findings were extended to peripheral blood CD4 ϩ T cells.
Experimental Procedures
Chemicals and Reagents-The recombinant short isoform of human gal-9 was produced as described previously (28) . Recombinant human galectin-8 was purchased commercially (R&D Systems). Lactose (␤-lactose) and the synthetic compound A-770041 (a selective Lck inhibitor) were from Sigma and Axon Medchem, respectively.
Cell Lines-Human T cell lines (Jurkat E6.1 and MOLT-4) and myeloid cell lines (K562 and THP1) were obtained from American Type Culture Collection. The Lck-deficient Jurkat subline JCaM1.6 and the JCaM1.6/Lck ϩ cells (JCaM1.6 stably transfected with the Lck gene) were kindly provided by Dr. Franck Gesbert (Institut Curie, Orsay, France) and Dr. Arthur Weiss (San Francisco) (29) . A Jurkat subline knocked down for the CD3 -chain (by stable transfection of a plasmid encoding a short interfering RNA; CD3 Ϫ ) and the corresponding "backin" clone (CD3 ϩ ) obtained by stable transfection of an exogenous CD3 gene were produced, described, and kindly provided by Dr. Richard Proust and Dr. Franck Gesbert (Institut Curie, Orsay, France) (30) . The mutant Jurkat subline J31.13 defective for TCR-CD3 surface expression (due to the lack of the TCR ␤-chain transcript) and the J31.13/TCR␤ ϩ cells (stably transfected with an exogenous TCR ␤-chain gene) were gifts from Dr. Georges Bismuth (Institut Cochin, Paris, France) and Dr. Andres Alcover (Institut Pasteur, Paris, France) (31, 32) . All cell lines were grown in RPMI 1640 medium (Gibco, Life Technologies, Inc.) supplemented with 10% fetal calf serum (FCS) at 37°C in a 5% CO 2 -humidified atmosphere. To maintain a selective pressure on the different Jurkat derivative sublines, the following antibiotics were added: 100 g/ml hygromycin B for JCaM1.6/Lck ϩ , 0.5 g/ml puromycin for CD3 Ϫ , 5 g/ml blasticidin for CD3 ϩ , and 250 g/ml G418 for 31.13/TCR␤ ϩ cell cultures. HeLa cells were cultured in DMEM (Gibco, Life Technologies, Inc.) supplemented with 10% FCS and transiently transfected with plasmids coding for one of the three following genes: GFP and human or murine Tim-3. The TurboFect reagent (ThermoScientific) was used for transfection according to the manufacturer's instructions.
Genomic DNA Extraction and STR Analysis-For fingerprint experiments, genomic DNA was isolated from cell pellets using the GeneJET Genomic DNA purification kit (Thermo Scientific) according to the manufacturer's protocol. STR genotypes have been established using the eight highly polymorphic tetranucleotide STR markers recommended by the ATCC (D5S818, D7S820, D13S317, D16S539, CSF1PO, THO1, TPOX, and vWA) and the Amelogenin marker that discriminates the X from the Y chromosome that carries a 6-bp insertion. After 5 P. Busson, unpublished data.
amplification by PCR and capillary electrophoresis, the apparent sizes of the alleles were analyzed using the GeneMapper Analysis 4.0 software (PE Applied Biosystems) as described previously (33) .
Isolation and Culture of PBMCs-Human PBMCs were obtained from anonymous healthy blood donors using standard density gradient centrifugation (lymphocyte separation medium, Eurobio AbCys) and cultured at 37°C with 5% CO 2 in RPMI 1640 medium supplemented with 10% FCS. For T cell activation, PBMCs were cultured in anti-CD3 monoclonal antibody (mAb)-coated plates (0.5 g/ml in PBS) in the presence of soluble anti-CD28 mAb (0.5 g/ml; both antibodies from Miltenyi Biotec) for 48 h.
CD4 T Cell Separation-Untouched CD4 T cells were purified by negative selection using a human CD4 ϩ T cell isolation kit (Miltenyi Biotec), according to the manufacturer's instructions.
Apoptosis Assessment-Human cell lines were treated for 24 h with the indicated concentrations of gal-9 (or gal-8) in serum-free medium (hybridoma-SFM, Gibco). After washing, cells were resuspended in annexin-V-binding buffer and stained with annexin-V-APC (Affymetrix eBioscience) for 15 min in the dark at room temperature. Then propidium iodide (PI) (Sigma) was added to the cell suspension prior to the analysis by flow cytometry (Accuri BD Biosciences). For assessment of CD4 ϩ T cells apoptosis, PBMCs were treated for 24 h with gal-9 (30 nM) or gal-9 preincubated for 30 min with ␤-lactose (5 mM), in complete RPMI medium. After washing, PBMCs were stained with anti-human CD4-APC antibody and annexin-V-FITC (BioLegend), followed by PI staining and flow cytometry analysis.
Caspase Activity Measurement-Caspase-3 and -7 activities were detected using the Caspase-Glo 3/7 luminescent assay (Promega) according to the manufacturer's protocol. Briefly, the Caspase-Glo 3/7 substrate (Ac-DEVD-p-nitroanilide) was cleaved by activated caspases present in the cell protein extracts to release a luciferase substrate. Then the luminescence of each sample was measured at 485/527 nm using a Microlumat LB 96P luminometer (EG&G Berthold). The apoptosis-inducing agent staurosporine (Calbiochem) was used as positive control for caspase activation in this assay.
Measurement of Cytosolic Calcium Concentration ([Ca 2ϩ ] cyt )-For human cell lines, [Ca 2ϩ ] cyt was recorded by a fluorimetric ratio technique (34) . Cells were centrifuged and resuspended in Hepes-buffered saline (HBS) medium of the following composition (in mM): 135 NaCl, 5.9 KCl, 1.2 MgCl 2 , 1 CaCl 2 , 11.6 Hepes, 11.5 glucose, pH 7.3, adjusted with NaOH. The fluorescent indicator Indo-1 (4 M; Invitrogen/Molecular Probes) was loaded by incubating the cells at room temperature under gentle agitation. Cells were then resuspended in HBS medium except in the experiment of Fig. 2D , where cells were resuspended in Ca 2ϩ -free HBS medium. One million cells were placed in a 1-cm wide, 3-ml quartz cuvette and inserted in a spectrofluorimeter (Varian Cary Eclipse), equipped with a thermostated cuvette holder. Excitation of Indo-1 was done at 360 nm, and emissions at 405 and 480 nm were recorded. Background and autofluorescence were subtracted from the values measured at 405 and 480 nm. Intracellular Ca 2ϩ concentrations were calculated following the method already described by Dellis and co-workers (34) . Traces were given without S.E. for clarity. S.E. values were usually Ͻ40 nM. For CD4 ϩ T cell experiments, [Ca 2ϩ ] cyt was recorded by flow cytometry. Briefly, resting PBMCs were stained for CD4 and then incubated at room temperature with 1 M of the fluorescent indicator Fluo4-AM (Invitrogen). After washing, cells were resuspended in Krebs solution, and cell samples were acquired on the flow cytometer. After gating on CD4 ϩ T cells, Fluo4-AM fluorescence was recorded continuously following addition of gal-9.
Western Blot Analysis-Cell pellets were solubilized in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 0.5% sodium deoxycholate, 0.5% Nonidet P-40, 0.1% SDS) supplemented with the complete protease inhibitor mixture (Roche Applied Science) and a phosphatase inhibitor mixture (20 mM NaF, 1 mM Na 3 VO 4 , 30 mM ␤-glycerophosphate, 20 mM Na 4 P 2 O 7 ) and sonicated on ice. Extracts were clarified, and protein concentration was determined by the Bradford method using the protein assay from Bio-Rad. Total proteins were separated by SDS-PAGE and transferred to PVDF membranes (Immobilon-P; Millipore) followed by standard Western blotting procedures. The following primary antibodies were used: human Tim-3 antibody (R&D Systems); phospho-Src family (Tyr-416; clone D49G4) rabbit mAb; phospho-Lck (Tyr-505) antibody; Lck (clone 73A5) rabbit mAb (Cell Signaling Technology); CD3-(clone 6B10.2) mouse mAb (Santa Cruz Biotechnology); and ␤-actin (clone AC-74; Sigma). The anti-pY416 antibody reacts with the activated form of several Src family kinases, including Lck. However, in Jurkat cells it reacts exclusively with Lck as shown by Nika et al. (35) . Detection was performed using peroxidase-conjugated secondary antibodies and the Immobilon Western Chemiluminescent HRP Substrate (Millipore). Specific protein bands were quantified using the Quantity One software (Bio-Rad).
Cell-surface Staining-Wild-type Jurkat and derivative sublines were collected by centrifugation and washed once in PBS prior to staining with an anti-human TCR V␤8-PE antibody, an anti-human CD3-APC antibody, or a mouse control isotype (BioLegend). After washing, samples were analyzed on the Accuri C6 flow cytometer (BD Biosciences).
RNA Extraction and RT-PCR-Total RNA was extracted from Jurkat cells (and derivatives) and isolated CD4 ϩ T cells using the TRI Reagent solution (MRC gene) and the RNeasy micro kit (Qiagen), respectively, according to the manufacturer's protocols. The cDNA synthesis was performed using the Multiscribe reverse transcriptase (Applied Biosystems). Relative gene expression was determined by quantitative real time PCR using the TaqMan universal Master Mix II and the TaqMan primer/probe sets for human IL-2 (assay ID: Hs00174114_m1), IFN␥ (assay ID: Hs00989291_m1), and TBP (assay ID: Hs00427620_m1) (Applied Biosystems). All samples were carried out in duplicate 20-l reactions in a MicroAmp Optical 96-well reaction plate (Applied Biosystems), and a negative control with no cDNA template was included in every run. The reaction was conducted in the StepOnePlus TM real time PCR system (Applied Biosystems) with amplification under the following conditions: 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. The relative expression of the gene was then determined with the 2 Ϫ⌬⌬ Ct (threshold cycle) method, with TBP as an internal control.
ELISA-Supernatants from Jurkat and JCaM1.6 cells were collected after 24 h of cell treatment, and the IL-2 concentrations were quantified using a Quantikine Human IL-2 Immunoassay (R&D Systems). Absorbance was measured at 450 nm using a Victor3 plate reader (PerkinElmer Life Sciences).
Intracellular Cytokine Staining-After 5 days of culture with the indicated treatments, PBMCs were restimulated with 50 ng/ml phorbol 12-myristate 13-acetate (PMA) and 500 ng/ml ionomycin (Santa Cruz Biotechnology) in the presence of 10 g/ml brefeldin A (Sigma) for 4 h. Cells were washed and stained with anti-human CD3-APC antibody. The cells were then fixed, permeabilized, and stained with anti-human IL-2-FITC and anti-human IFN␥-PE antibodies (all antibodies were from BioLegend).
Statistics-Data were analyzed using statistical tests (GraphPad Prism 5 software) as explained in the figure legends.
Results

Induction of Apoptosis by Exogenous gal-9 in Human T Cell
Lines-Gal-9 induction of apoptosis in Jurkat and MOLT-4 cells has been reported in several studies (26, 27, 36) . However, since these publications, induction of apoptosis has also been reported for other cell types by investigators using serum-free media (37) . Therefore, we wanted to document the specificity of gal-9-induced apoptosis in T cells. As shown in Fig. 1A , after incubation of Jurkat and MOLT-4 cells with gal-9 (60 nM) for 24 h in serum-free medium, the fraction of apoptotic cells (annexin-V-positive) was substantially increased (up to 70%). In contrast, the fraction of apoptotic cells remained below 15% for the K562 and THP1 cell lines. This result was in favor of a specific pro-apoptotic effect of gal-9 against lymphoid T cell lines. This point was confirmed when we investigated the induction of apoptosis by gal-9, in parallel with gal-8, another tandem repeat galectin with various immunomodulatory effects ( Fig. 1B) (38) . Using increasing concentrations of gal-9 or gal-8, we observed a dose-dependent induction of apoptosis in Jurkat and MOLT-4 cells only after gal-9 treatment. Again, K562 and THP1 cells were only marginally affected at the highest concentration (60 nM). Gal-9-induced apoptosis was confirmed in Jurkat cells by measuring the activation of the effector caspases (i.e. caspase-3 and -7). After 24 h of gal-9 treatment, caspases-3/7 were activated in a dose-dependent manner (Fig.  1C ). Moreover, caspase activity was inversely correlated to cell viability (assessed by flow cytometry). At the highest concentration of gal-9 (120 nM), caspase activity was increased almost 10-fold compared with untreated cells and was comparable with caspase activity measured in cells treated with staurosporine (a well known inducer of apoptosis). However, even with substantial concentrations of gal-9, a fraction of Jurkat or MOLT-4 cells resisted apoptosis. Finally, because it has been reported in a murine system that CD4 ϩ T cell apoptosis induced by gal-9 depends on Tim-3, we investigated the expression of this protein in the lymphoid T cell lines. Tim-3 protein was undetectable in Jurkat and MOLT-4 cells, even after stimulation with PMA ( Fig. 1D ). In contrast, in HeLa cells transfected with a plasmid coding for the human Tim-3, a high amount of protein was detected. Thus, gal-9-induced apoptosis is specific for lymphoid T cell lines and does not necessarily involve the Tim-3 receptor.
Induction of Early Calcium Mobilization by Exogenous gal-9 in Human T Cell Lines-Gal-9 induction of calcium mobilization has been reported in murine T cells as well as in Jurkat and
MOLT-4 human T cells (19, 26, 27) . Again, we wanted to further document the specificity of this process. Using the same cell lines previously used for apoptosis assays and the free calcium probe Indo-1, cytosolic calcium concentration ([Ca 2ϩ ] cyt ) was assessed following stimulation by recombinant gal-9. Calcium mobilization was readily detected in Jurkat and MOLT-4 cells treated with gal-9, but not in THP1 or K562 cells ( Fig. 2A) . In contrast, no calcium mobilization was observed in Jurkat cells treated with gal-8 ( Fig. 2B ). Pretreatment with gal-8 did not impair the gal-9 calcium mobilization (Fig. 2B ). The increase in [Ca 2ϩ ] cyt induced by gal-9 was dose-dependent with a maximum effect at 45 nM, although an effect was still visible with a concentration as low as 6 nM (Fig. 2C ). The effect on [Ca 2ϩ ] cyt was rapid, occurring within 30 s after addition of gal-9, and was totally abolished by preincubation with 5 mM lactose ( Fig. 2C ). In an effort to characterize the pathways of the [Ca 2ϩ ] cyt increase, we compared the effect of gal-9 with the effect of thapsigargin (TG) or phytohemagglutinin (PHA). TG is an inhibitor of the sarco/endoplasmic reticulum Ca 2ϩ -ATPases; it allows the release of Ca 2ϩ ions by the endoplasmic reticulum (ER) and the subsequent opening of plasma membrane-specific Ca 2ϩ channels responsible for the store-operated calcium entry. As shown in Fig. 2D , in the absence of extracellular Ca 2ϩ ions, TG induced a slight increase in [Ca 2ϩ ] cyt reflecting Ca 2ϩ release from the ER. At the next stage of the experiment, re-addition of extracellular Ca 2ϩ ions (at t ϭ 400 s) resulted in their massive entry reflected by a steep and large increase in [Ca 2ϩ ] cyt (not observed in the absence of TG treatment; data not shown). When Jurkat cells were stimulated by 30 nM gal-9, the same sequence (ER Ca 2ϩ release and entry through the store-operated channels) was observed (Fig. 2D ). The secondary entry through plasma membrane was inhibited by 30 M 2-aminoethoxydiphenyl borate, an inhibitor of the store-operated calcium entry (Fig. 2D ). These data suggested that gal-9 was activating the same Ca 2ϩ pathways as TG. In a subsequent experiment, Jurkat cells were stimulated by PHA in the presence of extracellular Ca 2ϩ ions. PHA is known to crosslink the TCR triggering the activity of the Src family tyrosine kinases, allowing the release of Ca 2ϩ ions from the ER to the cytosol and their subsequent entry from the extracellular medium through the store-operated channels (39) . As shown in Fig. 2E , PHA and gal-9 induced similar [Ca 2 ] cyt rises. These results suggested that gal-9 was triggering signaling events mimicking the Ca 2ϩ transduction pathway usually activated downstream from the TCR.
Early Calcium Mobilization but Not Apoptosis Induced by gal-9 Is Dependent on Lck-Because calcium mobilization induced in Jurkat cells by gal-9 and PHA had the same signature, we hypothesized a contribution of Lck, a tyrosine kinase involved in T cell signaling, in this gal-9 effect. To address this hypothesis, we used a Jurkat mutant subline with selective impairment of Lck (JCaM1.6) (29, 40). As shown in Fig. 3A , calcium mobilization under gal-9 stimulation was abrogated in JCaM1.6 cells indicating that Lck was required for this process. In contrast, calcium mobilization induced by TG was almost identical in JCaM1.6 and Jurkat cells, clearly demonstrating that the Ca 2ϩ machinery was intact in the mutant cell line and that the defect in the response to gal-9 was upstream from the ER Ca 2ϩ release. Therefore, Lck seemed important for the gal-9 transduction pathway. To confirm this observation by an independent approach, we applied a chemical inhibitor of Lck, A-770041, on wild-type (WT) Jurkat cells (41) . This chemical compound is 300-fold more selective against Lck (IC 50 ϭ 147 nM) than against Fyn (IC 50 ϭ 44.1 M), another Src family tyro-sine kinase involved in T cell signaling (41) . As expected, the calcium influx induced by gal-9 was markedly reduced by increasing concentrations of Lck inhibitor and was totally abolished with 170 nM (Fig. 3B) .
The phosphorylation status of Lck tyrosines is critical for the events linking TCR binding to downstream signaling events (35, 42, 43) . Pursuing our comparative approach of gal-9 and TCR signaling, we examined the relationships between the response to gal-9 and the status of Lck tyrosine phosphorylations in Jurkat cells. Following gal-9 treatment for various durations, protein extracts from Jurkat cells were analyzed by Western blot to detect the phosphorylation state of two conserved 
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tyrosine residues, Tyr-505 and Tyr-394, which are intramolecular regulators of Lck. As reported previously, a substantial fraction of Lck was already phosphorylated on its activatory (Tyr-394) and inhibitory (Tyr-505) tyrosines prior to any stimulation ( Fig. 3C) (35, 42, 43) . As also noted in previous studies, Tyr(P)-394 Lck, Tyr(P)-505 Lck, as well as the total Lck were distributed in two bands migrating at 59 and 55 kDa, respectively. In a previous publication (43) , the slower migrating form was said to result from Ser-59 phosphorylation by ERK1/2. After 15 min of gal-9 treatment, a modest increase in the ratios of phosphorylated Lck to total Lck was detected for Tyr-394 and Tyr-505. These modifications were of larger amplitude for the slower migrating band (59 kDa) ( Fig. 3C) . Besides, treatment of Jurkat cells with the Lck inhibitor (200 nM) resulted in an almost complete suppression of Tyr-394 phosphorylation at baseline and under concomitant gal-9 stimulation (30 nM). A similar effect, although less intense, was observed for Tyr-505, although the amount of total Lck remained unchanged.
Next, we investigated whether Lck was required for the apoptotic pathway induced by gal-9. As shown in Fig. 3D, JCaM1.6 and WT Jurkat cells treated with gal-9 for 24 h were both sensitive to apoptosis. To confirm these results, WT Jurkat cells were treated for 8 h with gal-9 by itself or with concomitant application of the Lck inhibitor (200 nM or 1 M). Prior to these experiments, it was confirmed by Western blot analysis that the inhibitory effects of the Lck inhibitor were lasting for at least 8 h (Fig. 3E ). As shown in Fig. 3F , apoptosis induction by gal-9 was not affected by the Lck inhibitor. Overall, these results supported the conclusion that a functional Lck molecule was required for calcium mobilization, but not for apoptosis, induced by gal-9 in Jurkat cells.
TCR-CD3 Complex Is Required for Calcium Mobilization, but Not for Apoptosis, Induced by gal-9 in Jurkat Cells-We postulated that some components of the TCR complex, normally acting upstream from the Lck kinase, were also required for the calcium mobilization induced by gal-9 in Jurkat cells. For this goal, we employed a panel of mutant Jurkat sublines with selective impairment of the CD3 -chain (CD3 Ϫ ) or the TCR ␤-chain (J31.13) in addition to the JCaM1.6 subline (Lck Ϫ ), which has been previously introduced (29 -31, 40). To make sure that the functional alterations observed in these cells were not related to other undeclared defects of the cell signaling machinery, we resorted to back-in clones. These clones were mutant cells where the expression of the WT protein had been restored by stable transfection of an exogenous gene. They were named JCaM1.6/Lck ϩ , CD3 ϩ , and 31.13/TCR␤ ϩ , respectively. Short tandem repeat (STR) genotyping was performed to confirm that all these cells (mutant sublines and back-ins) were derived from the same parental Jurkat cell line (Table 1 and Fig. 4A ).
All WT Jurkat and derivative sublines were analyzed for Lck and CD3 chain expression by Western blot (Fig. 4B ). As expected, the Lck protein was absent in the JCaM1.6 subline, whereas its expression was restored in JCaM1.6/Lck ϩ cells. The other sublines expressed similar levels of Lck. We observed a lower expression of CD3 in the J31.13 cells, which is consistent with a previous report (31) . We also confirmed the absence of the -chain expression in the CD3 Ϫ subline and its re-introduction in the CD3 ϩ subline under a form of higher molecular weight. The panel of Jurkat derivative sublines was also analyzed by flow cytometry for cell surface expression of the TCR␤ chain and CD3 components (Fig. 4C ). Because the Jurkat cells express the specific variable region 8 of the TCR␤ chain, we used a specific TCRV␤8 antibody (32, 44) . As expected, the J31.13 subline was negative for both TCR␤ and CD3 expression. Restoration of TCR␤ and CD3 expression was achieved in ϳ75% of the cells in the J31.13/TCR␤ ϩ subline. In the CD3 Ϫ subline, the CD3 surface expression was not totally negative, because we used an antibody that reacts with the ⑀-chain of CD3. As for the J31.13 cells, the TCR and CD3 components were in mutual dependence for their surface expression in CD3 ϩ and CD3 Ϫ sublines. Indeed, the re-introduction of the -chain in the CD3 Ϫ subline restored the expression of the TCR␤ at the cell surface.
As shown previously for JCaM1.6 cells, calcium mobilization under gal-9 stimulation was totally abrogated in the other mutant Jurkat sublines (J31.13 and CD3 Ϫ ), indicating that the integrity of the TCR-CD3 complex was required for this process ( Fig. 5A ). TG treatment was used to verify that the mutant sublines were not deficient in other segments of the calcium signaling machinery. In addition, we could show that calcium mobilization induced by gal-9 or PHA was restored by re-introduction of the WT Lck, CD3, or TCR␤ proteins in the corresponding mutant cells. This was a formal proof that these molecules play a critical role in the short term calcium mobilization induced by gal-9 in Jurkat cells. On the contrary, when treated with gal-9 on a longer term, a large fraction of cells was undergoing apoptosis, in each type of mutant subline, exactly like for the WT Jurkat (Fig. 5, B and C) . These results lead us to the conclusion that, in addition to the Lck kinase, proximal elements of the TCR complex were required in Jurkat cells for gal-9-induced calcium mobilization but not for apoptosis induction.
Gal-9 Induces IL-2 and IFN␥ Production in Jurkat and Peripheral T Cells-The signaling events initiated at the TCR upon antigen stimulation in normal T cells ultimately lead to IL-2 production, which is essential for T cell proliferation and function. We investigated whether calcium mobilization triggered by gal-9 resulted in up-regulation of IL-2 production by Jurkat cells. In a first experiment, Jurkat and JCaM1.6 cells were stimulated either with gal-9 or with a combination of anti-CD3 and -CD28 antibodies for 3 h. IL-2 mRNA expression was then analyzed by quantitative real time PCR (RT-qPCR). A substantial increase in the amount of IL-2 transcripts was observed in Jurkat cells under treatment with gal-9, although it was weaker than under the CD3/CD28 stimulation (Fig. 6A, upper histogram) . In JCaM1.6 cells, the fold change for IL-2 mRNA was significantly reduced compared with WT Jurkat cells after gal-9 treatment. Up-regulation of IL-2 gene expression was sustained for at least 8 h in Jurkat cells, whereas in JCaM1.6 cells, IL-2 mRNA levels at 8 h was comparable with that of untreated cells (data not shown). The same experiment was performed with J31.13 cells, and the results were similar; the IL-2 mRNA expression was significantly reduced when cells were defective for TCR and CD3 expression (Fig. 6A, bottom histogram) . In another experiment, the extracellular release of IL-2 was assessed by ELISA using Jurkat and JCaM1.6 cells stimulated with gal-9 (30 nM) or PHA (10 g/ml) for 18 h (Fig. 6B ). As expected, PHA stimulation led to an abundant IL-2 secretion by Jurkat cells, although a very low amount of IL-2 protein was detected in the supernatant of Lck-deficient JCaM1.6 cells. Although gal-9 stimulation in Jurkat cells induced a much lower production of IL-2 than PHA, notwithstanding the concentration differences (30 nM, i.e. 1 and 10 g/ml respectively), there was a marked difference with JCaM1.6 cells, which were completely unable to produce noticeable IL-2 in response to gal-9.
In the next stages of our study, we wanted to test whether the observations made in Jurkat T cells were extensive to peripheral T cells from human donors. A preliminary step for this part of our investigations was to confirm the data reported by Gooden et al. (14) about the impact of gal-9 on peripheral T cells from healthy donors. Using human PBMCs, they reported a bimodal response to exogenous gal-9 with early apoptosis of a fraction of T cells followed by an antigen-independent activation of the remaining T cells, especially among CD4 ϩ T cells (14) . To confirm these results, we treated freshly isolated PBMCs for 5 days with gal-9 (30 nM) or with gal-9 preincubated with a saturating concentration of lactose (5 mM). On day 5, CD3 ϩ cells were subjected to an intracellular staining assay to monitor the production of Th1 cytokines, IL-2 and IFN␥. Following gal-9 treatment, we observed an increase in the number of IL-2 ϩ and IFN␥ ϩ CD3 ϩ T cells, compared with untreated cells (Fig. 6, C and D) . This T cell response, which was abrogated in the presence of lactose, was con- sistent with the notion of an antigen-independent activation of peripheral T cells by exogenous gal-9.
Gal-9-induced Calcium Mobilization and Cytokine Production, but Not Apoptosis, Are Dependent on Lck in Peripheral CD4 ϩ T Cells-Then, using PBMCs, we analyzed the contribution of Lck to the two faces of T cell response to gal-9, apoptosis and activation. Because activated human T cells have been reported to be more sensitive to gal-9 treatment than resting T cells, PBMCs were stimulated or not with anti-CD3 and anti-CD28 antibodies for 48 h prior to gal-9 treatment (27) . Then they were incubated with gal-9 (30 nM) that had been preincubated or not with lactose. After 24 h of incubation, treated PBMCs were subjected to flow cytometry analysis focused on CD4 expression and apoptosis detection. As shown in Fig. 7A , gal-9 significantly increased the frequency of annexin-V-positive CD4 ϩ T cells, either unstimulated or stimulated. This gal-9-induced apoptosis was almost completely suppressed by addition of lactose. In contrast, when PBMCs were incubated FIGURE 4. Characterization of derivative Jurkat sublines. A, tentative phylogenetic tree of the WT and derivative Jurkat sublines (mutants and back-in clones). As shown in Table 1 , three loci, D5S818, THO1, and TPOX, contain the same alleles in our WT Jurkat cells and the six derivative sublines. They are consistent with the ATCC official genotype of WT Jurkat cells. The evidence that all our Jurkat sublines are indeed derived from the same parental clone is strengthened by the similarity of many other alleles shared by at least two cell lines. It is worth noting that because Jurkat cells are deficient in mismatch repair due to a mutation in MSH2 (62), the probability that insertion/deletion of tetranucleotide repeats in the STR markers arises during replication is higher than in normal cells. Loci-containing alleles not consistent with the ATCC official genotype are mentioned in boxes superimposed on the branches of the tree leading to the corresponding cell lines. Although purchased from the ATCC, our WT Jurkat cells carry one distinct allele at D7S820. The same allele is shared by J31.13, J31.13/TCR␤ ϩ , JCaM1.6, and JCaM1.6/Lck ϩ cells. CD3 Ϫ is divergent from WT Jurkat and the other derivative sublines, J31.13 and JCaM1.6, at D7S820, D13S317, CSF1PO, and vWA. JCaM1.6 and J31.13 diverge from WT Jurkat at three (D16S539, CSF1PO, and vWA) and one locus (D13S317), respectively. This separation of J31.13 and JCaM1.6 on the one hand and CD3 Ϫ on the other hand is consistent with their distinctive historic features. JCaM1.6 and J31.13 were obtained much earlier by chemical and radiological somatic mutagenesis, respectively. They were reported in 1987. In contrast, CD3 Ϫ was obtained much more recently by stable transfection of an shRNA and was reported in 2012. B, Western blot analysis of Lck and CD3 expression in the different Jurkat derivative sublines. Actin protein levels were used as loading controls. C, cell surface expression of TCRV␤8 and CD3 assessed by flow cytometry analysis in the different Jurkat derivative sublines. The black curves represent the cell surface staining with the control isotype, and the red and blue curves represent the staining of indicated cells with the TCRV␤8 (left panel) or CD3 antibody (right panel). Data plots are representative of two independent experiments.
with the Lck inhibitor prior to gal-9 treatment, the rate of CD4 ϩ T cell apoptosis was not modified (Fig. 7B) . These results confirmed the data obtained with Jurkat cells; Lck signaling pathway is not involved in gal-9-induced apoptosis in T cells. To monitor the calcium mobilization induced by gal-9 in CD4 ϩ T cells, we used resting PBMCs loaded with Fluo4-AM and stained for CD4 expression before flow cytometry analysis. In this experiment, we used a higher concentration of gal-9 (120 nM) to stimulate the cells, for better detection and reading of fluorescence modifications on the flow cytometer. As in Jurkat cells, an increase in [Ca 2ϩ ] cyt was induced by gal-9 and blocked by prior incubation with increasing concentrations of the Lck inhibitor (0.01 to 2 M) ( Fig. 7, C and D) . Finally, we investigated the impact of gal-9 on IL-2 and IFN␥ expression by CD4 ϩ T cells and its dependence on Lck. After isolation of CD4 ϩ T cells by negative depletion, cells were preincubated or not with the Lck inhibitor prior to treatment with gal-9 (30 nM), anti-CD3 antibody, anti-CD28 antibody or different combinations for 6 h. Then the RNA was extracted, and the expression of cytokines was analyzed by RT-qPCR ( Fig. 7E ). Gal-9 had effects that were somehow parallel to those of the anti-CD3, although less intense. The impact of the anti-CD28 by itself was negligible on the amount of both IL-2 and IFN␥ transcripts. In contrast, both gal-9 and the anti-CD3 by themselves were able to increase the expression of IFN␥ mRNA. When they were combined with the anti-CD28, the enhancement of IFN␥ mRNA response was very strong for CD3 and modest for gal-9. Both gal-9 and the anti-CD3 alone were unable to increase the expression of IL-2 mRNA. However, this effect was achieved when either gal-9 or the anti-CD3 was combined to the anti-CD28. Moreover, the chemical inhibition of Lck completely abolished the cytokine expression in this experiment. Overall, these results confirm that the Lck signaling is crucial for the antigen-independent activation induced by gal-9 in peripheral T cells.
Discussion
The initial question addressed by this work was whether or not calcium mobilization was one necessary step toward apoptosis of human T cells treated with extracellular gal-9. A careful analysis of the signature of calcium mobilization induced by gal-9 in Jurkat cells led us to hypothesize that it was dependent on the Lck tyrosine kinase. Using an Lck mutant derivative of Jurkat cells (JCaM1.6) and a chemical inhibitor of Lck (A-770041), we could confirm this hypothesis in Jurkat cells, as well as in CD4 ϩ T cells from the peripheral blood. Conversely, we could show that a functional Lck and calcium mobilization were not required for apoptosis induction. We then addressed the question of whether components of the TCR-CD3 complex usually acting upstream from Lck were required for calcium mobilization induced by gal-9. Experiments realized with additional mutant Jurkat derivative sublines (CD3 Ϫ and J31.13), and their corresponding back-in clones showed that CD3 and TCR␤ expression were dispensable for apoptosis induction, although they were required for calcium mobilization. This led us to the idea that calcium mobilization induced by gal-9 might be part of a broader response reminiscent of antigen-dependent activation of T cells, involving Lck and maybe other components of the TCR complex. This latter hypothesis was confirmed to a large extent by the experiments reported in Fig. 7 . These experiments have shown that gal-9 induces expression of Th1 cytokines, IL-2 and IFN␥, in Jurkat cells, as well as in peripheral CD4 ϩ T cells in an Lck-dependent manner.
It is noteworthy that we provide the first confirmation of the observations reported by Gooden et al. (14) showing that some T cells treated with gal-9 and surviving early apoptosis (days 2 or 3) undergo activation, some of them acquiring a CD4 ϩ Th1 phenotype (days 6 or 7). However, we have been able to go much further by demonstrating the essential role of Lck and the TCR-CD3 complex in this process. One may wonder how to reconcile these findings with the notion of an overall immunosuppressive action of gal-9 in intact organisms. This notion is based not only on experimental data from murine systems but also on observations made in human pathological conditions (9 -12). We and others have previously reported data suggest-FIGURE 7. Contribution of Lck to peripheral CD4 ؉ T cell response to gal-9. A and B, PBMCs freshly isolated from blood were stimulated or not with anti-CD3 and anti-CD28 antibodies for 48 h. A, resting or activated PBMCs were preincubated or not with lactose (5 mM) prior to gal-9 treatment (30 nM) for 24 h. The percentage of apoptotic cells was determined by flow cytometry (annexin-V/PI staining) after gating on the CD4 ϩ population. Flow cytometry plots are representative of four independent experiments realized with different healthy donors. B, impact of the Lck inhibitor on gal-9-induced apoptosis in CD4 ϩ T cells. Resting or activated PBMCs were preincubated or not with the Lck inhibitor (0.01 to 1 M) for 1 h before addition of gal-9 (30 nM) and incubation for 24 h. The percentages of apoptotic cells were determined as in A, taking account of all annexin-V-positive cells. Histograms represent means Ϯ S.E. of three independent experiments with different donors. Statistical analyses using two-way ANOVA revealed no impact of the Lck inhibitor on the rate of apoptosis within the gal-9-untreated or gal-9-treated groups and a strong impact of gal-9 regardless of the presence or absence of the Lck inhibitor. ***, p Ͻ 0.001. ns, not significant. C and D, gal-9 induced calcium mobilization in peripheral CD4 ϩ T cells, which was blocked by Lck inhibition. Resting PBMCs were preincubated with Fluo4-AM (1 M) for 45 min at room temperature. After washing and CD4 staining, cells were treated or not with the Lck inhibitor (0 -2 M) for 30 min before starting gal-9 stimulation (120 nM). C, fluorescence intensity (F-I; proportional to [Ca 2ϩ ] cyt ) continuous recording by flow cytometry after gal-9 addition (arrow). Plots are representative of [Ca 2ϩ ] cyt variations in CD4 ϩ T cells in two independent experiments. D, mean fluorescence intensity (MFI) recorded in CD4 ϩ T cells measured on the different plots as in C, with the flow cytometer software. E, gal-9 induction of IL-2 and IFN␥ transcription and the impact of the Lck inhibitor. CD4 ϩ T cells isolated from resting PBMCs were preincubated or not with the Lck inhibitor (500 nM) for 1 h before treatment with gal-9 (30 nM) or the combination of anti-CD3 and anti-CD28 antibodies (1 g/ml) for 6 h. IL-2 and IFN␥ mRNA expression were determined by quantitative real time PCR. Data presented here correspond to the fold change defined as the ratio of target gene mRNA with that of untreated cells (the housekeeping gene TBP was used as an internal control). These results are representative of two independent experiments. ing a predominant immunosuppressive action of gal-9 in diseases like chronic active hepatitis or nasopharyngeal carcinomas related to the Epstein-Barr virus (16, (45) (46) (47) . We believe that the activation of some CD4 ϩ Th1 cells by gal-9 is not likely to mitigate its overall immunosuppressive action for at least two reasons. First, the spread of T cells activated by gal-9 is probably not adequately focused on cells infected by pathogens. Second, diffuse IL-2 release by conventional T cells might contribute to the expansion of T regs (48) .
Although we obtained compelling evidence of the participation of Lck in gal-9 signaling, we have observed only modest changes induced by gal-9 in the phosphorylation status of Lck in Jurkat cells ( Fig. 3 and data not shown). As mentioned previously, this is consistent with previous reports about the contribution of Lck in TCR activation and signaling. Indeed, several investigators using cell lines or fresh peripheral T cells have observed only small changes in the phosphorylation status of Lck under TCR stimulation (35, 42, 43, 49) . Moreover, the same authors have emphasized the fact that a baseline constitutive phosphorylation of Lck on Tyr-394 was required for efficient TCR signaling. Again, a similar trend is apparent regarding the response to gal-9 stimulation. Pretreatment of Jurkat cells with the Lck inhibitor, which suppresses Lck phosphorylation on Tyr-394 (and to a lesser extent on Tyr-505, Fig. 3C ), also abrogates calcium mobilization following gal-9 stimulation. As for TCR signaling, we suspect that in addition to the basal constitutive state of Lck phosphorylation, its relocalization to distinct molecular complexes is very important for its contribution to gal-9 signaling (49) .
One obvious question is which types of molecular interactions and events connect Lck activity to gal-9 binding on the plasma membrane of T cells. A few publications have reported direct or indirect interactions of Tim-3 with Lck or Fyn (50, 51). One of these publications based on murine cells has reported inhibition of Lck activity by the binding of exogenous gal-9 to Tim-3 (50) . These findings are not relevant to our study because it is obvious that in Jurkat cells Lck was involved in the response to gal-9 in the absence of Tim-3 (see Fig. 1D ). In contrast, data presented in Fig. 5 strongly suggest that members of the TCR-CD3 complex are required, upstream from Lck, to achieve calcium mobilization. Then the question arises of what makes a connection between gal-9 binding to the plasma membrane and changes of the TCR-CD3 complex. As mentioned previously, several surface proteins distinct from Tim-3 can bind gal-9 and have been proposed as candidate membrane receptors, especially CD44, CD137, and the enzyme disulfide isomerase (18, (23) (24) (25) . Gal-9 can also bind surface glycolipids, for example the Forssman glycolipid (52) . As far as we know, in the literature, there is no evidence of direct interactions of gal-9 with any member of the TCR-CD3 complex (53) . One attractive hypothesis is that even in the absence of direct interactions, gal-9 might trigger activation of the TCR-CD3 complex by actions at the supra-molecular level, especially by bridging and inducing coalescence of otherwise distinct membrane microor nano-domains. Simultaneously gal-9 might favor the segregation of the TCR-CD3 complex from inhibitory molecules (54) . This hypothesis is supported by two types of arguments. On the one hand, as a tandem repeat galectin bearing CRD of distinct specificity, gal-9 is expected to have specific bridging functions. On the other hand, it is known that the formation of signaling TCR microclusters and later on of the immunological synapse requires spatial convergence of three types of elements as follows TCR components, Lck, and LAT proteins, which are initially bound to distinct vesicles and/or membrane nanodomains (49, 54) . In future studies, it will be interesting to investigate the impact of gal-9 on the spatio-temporal organization of these three types of elements.
Other galectins are known to impact human T cells (36, 38, 53, 55) . However, one needs to distinguish the influence of the endogenous galectins from the effects of extracellular galectins. In murine T cells, there is evidence that endogenous galectins, especially galectin-3, down-regulate TCR activation. It is proposed that interactions of galectins with branched surface ligands form a restrictive scaffold that limits TCR clustering required for the initiation of TCR signaling (56 -58) . In contrast, extracellular galectins, especially galectin-1, -3, or -8, have been reported to induce T cell activation in various experimental systems based on T cell lines or PBMCs (38, 53, 55) . In sharp contrast with our findings about gal-9, several of these studies pointed out some kind of interdependence between T cell activation and apoptosis induction. For example, Brandt et al. (59) reported apoptosis induction in Jurkat cells treated with galectin-1 requiring an intact TCR-CD3 complex. It is important to notice that in the study of Brandt et al. (59) , the concentrations of galectin-1 were in the range of 600 -1800 nM instead of about 30 nM gal-9 in our own work. Nevertheless, these data suggest a lack of separation between apoptosis induction and T cell activation by galectin-1. In the same vein, Peng et al. (55) have reported induction of IFN␥ production in human T cell clones treated with galectin-3. Although a concentration of galectin-3 above 300 nM was required for this effect, when going above 750 nM, the production of IFN␥ was accompanied by an increasing rate of apoptosis (55) . None of these studies dealing with T cell response to galectin-1, -3, and -8 have mentioned a role of Lck. Rather they have reported a role for CD45 (galectin-1 and galectin-3) or CD43 (galectin-1) (53, 58, 60, 61) .
In conclusion, gal-9 induces apoptosis or activation in distinct subsets of human T cells, using two distinct signaling pathways. The pathway leading to CD4 ϩ Th1 activation involves the TCR-CD3 complex and Lck. According to currently published data, this pattern of T cell response seems to be unique to gal-9 and not applicable to galectin-1 or -3. One of our priorities will be to investigate the role of CD45, CD44, and CD43 upstream of gal-9-induced activation and/or apoptosis in human T cells.
